1. The respiration of rat liver mitochondria was compared with different substrates, and with sucrose and saline media. The maximum rates of oxidation obtainable from glutamate, oxoglutarate, glutamate + malate, or succinate were higher in the saline (120mM)-tris (20mM) media than in sucrose (250mM)-tris (20mM) mixtures, but the rate with ,-hydroxybutyrate was unchanged. Addition of valinomycin to a medium with sucrose and 5 mM-potassium chloride led to rates similar to those measured in saline media; ,-hydroxybutyrate oxidation was unaffected. 2. Some pairs of substrates together provided a rate of oxidation greater than the sum of the separate rates. This is accountable if removal of inhibitory products, such as oxaloacetate, compensates for any mutual competition between the substrates. Other pairs showed rates less than the sum of the separate rates, which is accountable by mutual competition. fi-Hydroxybutyrate and other substrates, except succinate, provided strictly additive rates; with succinate there was evidence for competition. In the presence ofrotenone, succinate oxidation was slowed down by citrate, oxoglutarate (+ arsenite) and by ,-hydroxybutyrate. 3. The accumulation of substrates in the mitochondria was measured as a function ofthe concentration and in the presence ofpossible competitors, or with a potassium salt and valinomycin to induce uptake of K+. The quantities of oxoglutarate, glutamate and pyruvate increased with the mitochondrial K+, but the quantities of ,-hydroxybutyrate did not. Most substrates competed between themselves, although citrate accumulation was somewhat increased by oxoglutarate. ,8-Hydroxybutyrate competed for accumulation only with succinate, and was unaffected by other substrates. P-Hydroxybutyrate accumulation was almost linearly related to applied concentration (up to 5 mm), and its rate of reaction was linearly dependent on concentration up to the highest value tested (0.75mM). Hence it differed from other substrates, which are accumulated and oxidized in a manner that follows a saturation law, with Km values about 1-10mM. 4. It is concluded that ,-hydroxybutyrate is stored in a compartment operationally distinct from the space containing K+ and the NAD-linked substrates. It seems likely that succinate enters both compartments. 5. The degree of accumulation and the effectiveness of an anion as a competitor (as judged by low Kj) increases with the net charge. This is indicative of an electrostatic interaction with positive sites. It is suggested that the facilitating influence of dicarboxylic acids on the permeation of tricarboxylic acids may be due to the assembling of pairs of the positive carriers by the former, so favouring the chance of there being three or more carriers in a small volume of space near the boundary to interact with the tricarboxylic anion.
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Studies of the competitions between anions for with the competitive power of different anions, and accumulation in rat liver mitochondria show that deductions that may be made about partition of the most potential substrates compete for occupation anions between different reservoirs. The contents of a limited reservoir (Harris & Manger, 1968 ; of those anions that enter the same space as the K+, Quagliariello & Palmieri, 1968; ; presumably the matrix, rise when K+ is gained and Harris, 1968b) . The present paper is concerned the metabolism will then proceed faster (Harris, Hofer & Pressman, 1967) . f-Hydroxybutyrate oxidation, however, is insensitive to K+ movement (Harris, 1968b) .
Membrane binding of the dehydrogenases of ,B-hydroxybutyrate and of succinate has been used as an argument for a distinct localization of these enzymes apart from the soluble malate and other NAD-or NAD(P)-linked dehydrogenases (Greville, 1966) . It has been taken by Krebs (1967) as indicating that the ,B-hydroxybutyrate/acetoacetate concentration ratio depends on the redox state in the cristal space as distinct from the matrix space. Some special localization of some or all of each of the two enzymes may also be inferred from the observations of Lardy and collaborators (Graven, Lardy & Estrada-O, 1967 ) that oxidation of ,-hydroxybutyrate and of succinate is less subject to inhibition by discharge of the mitochondrial K+ with nigericin (or similar agents) than is the oxidation of the other substrates. The present competition studies add information about the behaviour of their substrates to what is already known about the enzymes.
A range of metabolic controls operating between cytoplasm and mitochondrion can be considered in the light of displacements of one anion by another and to emphasize this aspect some well-known mutual effects of anions on metabolic rate are considered from the competitive aspect.
METHODS
Mitochondria were prepared from rat livers by Schneider's (1952) method. 1 mM-Ethylenedioxybis(ethyleneamine)-tetra-acetic acid was used in the 0-25 M-sucrose for homogenization of the tissue and in the first sucrose wash medium. The mitochondria were suspended in 0-25M-sucrose after two washes. Substrate uptakes were measured by using 14C-labelled substrates along with tritiated water in the incubation mixture. The method for the separation of the mitochondria was the same as that described by Harris & van Dam (1968) and Harris & Manger (1968) . The mitochondrial suspension was sampled (0-2ml.) at intervals. The samples were pipetted into prepared centrifuge tubes containing a lower layer of 20% (v/v) HC104 and an upper layer ofsilicone oil (see Harris & Manger, 1968) . Centrifugation carried the mitochondria and some adherent medium into the HC104.
Samples of the upper and lower layers were taken for radioactivity measurements in a multi-channel scintillation counter. Part of the lower layer was also used for analyses. The K+ content was measured by atomic adsorption spectrophotometry. fl-Hydroxybutyrate was measured enzymically by the method of Williamson & Mellanby (1963) with the dehydrogenase obtained from the Sigma (London) Chemical Co., London S.W.6. Respiratory rates were measured polarographically with a Clark-type oxygenelectrode system. Adenine nucleotides were measured by the method of Adam (1963) . The rates of reduction of nicotinamide nucleotides and flavin were recorded by an apparatus designed by B. Chance & D. Meyer (unpublished work) in which the respective fluorescences were excited and measured alternately.
RESULTS
Relation between metabolic rate and ion8. The rate of metabolism, measured by the oxygen consumption, depends on the ionic composition of the medium used when the substrate is oxoglutarate, glutamate, glutamate + malate, or succinate (Table  1) , but is not changed appreciably when fl-hydroxybutyrate is used. For the former group the increased rate can be obtained either (a) by changing from a predominantly sucrose medium (column 1) to one made up with either potassium chloride (column 3) or sodium chloride (column 4), or (b) by inducing an uptake of K+ from a low-salt medium by addition of a low concentration of valinomycin (column 2). This set of observations suggests that the rate can be increased for anions that accompany the cations by raising the rate of ion cycling either by using a high external ion concentration, or by increasing the K+ permeability and so raising the internal contents of K+ and anion with valinomycin. The increase of internal substrate content after valinomycin has been shown with succinate (Harris, van Dam & Pressman, 1967) , with malate (Harris & van Dam, 1968, Fig. 5 ) and with citrate (Harris, 1968d) ; other examples given below are oxoglutarate, glutamate and pyruvate, whereas the content of f-hydroxybutyrate is not raised.
Re8piratory rate8 of mixture8. When two substrates are presented together the respiratory rate obtainable with maximal stimulation by uncoupler can exceed, be equal to or be less than the sum of the rates obtained with the respective substrates separately. When inhibitory substances formed from one substrate are removed by the other there is a stimulatory effect, which can more than outweigh any possible competition between the two substrates for entry and accumulation in the mitochondria. It is generally accepted that stimulation of the oxidation of either malate or succinate by the addition of glutamate is due to the removal of oxaloacetate by transamination. Figs. 1 (a) and 1(b) illustrate the effect. The question how much glutamate is oxidized in these conditions as distinct from transaminating was examined by measuring the ammonia formation. At the end of the incubation, after use of 500 nmoles of oxygen/ml. only 25 nmoles of ammonia/ml. had been formed, so not more than 5 % of the glutamate had been oxidized. shown in Fig. 3 Table 2 show that 30mM- . Polarographic records of mitochondrial respiration stimulated with 2,4-dinitrophenol (40MM) with succinate as substrate. In (a) the oxidation in the absence of rotenone proceeds to oxaloacetate and inhibition sets in as its concentration increases. In (b) the presence of butylmalonate (0-1 mM) hastens the appearance of inhibition; that this is due to oxaloacetate is inferred from the relief afforded by glutamate. In (c), with rotenone, no oxaloacetate is formed and then butylmalonate causes only a partial inhibition, which is left unaffected by glutamate addition. That butylmalonate does not affect the enzyme is shown in curve (d), which was obtained with a suspension ofmitochondria in a hypo-osmotic medium. The medium was the same as that described in Fig. 1 with ,-hydroxybutyrate was found to be strictly additive to the rates with the other substrates, implying that no measurable competition was occurring between ,-hydroxybutyrate and the other substrates used. The medium was the same as that described in Fig. 1 . presumed acetate-phosphate cc exposed by the depression of tb concentration (Table 3) associE AMP in the acid extracts used f (Harris, 1968b (-Hydroxybutyrate accumulation and reaction. described in Fig. 1 .
Like the other substrates, fi-hydroxybutyrate is accumulated by the mitochondria. The curve in Fig. 6 shows the amount/g. of protein related to the applied concentration. As drawn, the relation is mpetition was also linear and applies either to the radioactive DLie endogenous ATP compound or to the metabolized D-compound. On Eted with a rise in account of the inaccuracies introduced by the need For nucleotide assay to subtract the content of the comparatively large re of 32p between volume of sucrose-accessible water carried down al group of ATP is with the mitochondria, the ,B-hydroxybutyrate-3), and excess of concentration relation could be either linear or subject to saturation with a high Km value (10mM). Or phosphorylation The linearity of the accumulation of ,-hydroxyate, and in part butyrate with respect to accumulation at low in a 'space' distinct concentrations is, however, paralleled by a linear D-linked substrates dependence of the rate of reduction of the nicotinLough the work of amide nucleotides and the flavin linked thereto. The medium used was: sucrose (250mM), tris chloride, pH7-2 (20mM), tris glutamate (3mM), malate (3mM), tris Concn. of ,-hydroxybutyrate (mM) Values are all corrected for the calculated content of the sucrose-accessible space of 3-5 ml./g. of protein, which includes the medium carried down by the particles. The medium used was: sucrose (250mm), KCI (5mm), tris chloride, pH7-4 (20mm), and rotenone (1 6,ug./ml.). Concn. of succinate (mm) Fig. 7 . Competitive displacement of ,B-hydroxybutyrate by succinate. Curve A (o), displacement at 0.36mM-fhydroxybutyrate; curve B (-), displacement at 0.74mm-flhydroxybutyrate. The medium was the same as that described in Fig. 1, but (Table 4) .
When the mitochondria have been exposed to uncoupler before the addition of fl-hydroxybutyrate, the measured uptake is low and possibly accountable by adsorption on the protein (Fig. 6 , curve B) although the reaction still proceeds.
Of the anions tested on uptake of P-hydroxybutyrate, only succinate acted competitively, with Kj 6-8mM (Fig. 7) . Malate, malonate, citrate and glutamate had no effect. The first three of these anions compete with most other anions, including Vol. 113 succinate, so the insensitivity of ,-hydroxybutyrate is striking. ,B-Hydroxybutyrate was found not to compete with malate. Another phenomenon serves to show the dissociation of ,B-hydroxybutyrate from the mitochondrial K+ and so by inference from those anions that move along with K+. This is the induced uptake of K+ obtained on adding valinomycin. There is no corresponding uptake of the ,-hydroxybutyrate along with a K+ gain of 60,tmoles/g. This contrasts with the behaviour of the other anionic substrates (Lynn & Brown, 1965; Harris, 1968c) .
Succinate accumulation. The competition offered to succinate by malate, malonate and phosphate has been described (Harris & Manger, 1968) . Under different conditions, namely in the presence of gramicidin, Quagliariello & Palmieri (1968) found competition by citrate and by oxoglutarate, although they found no effect from pyruvate, glutamate and ,-hydroxybutyrate.
A number of anions have been tested under resting conditions and it is found that citrate, oxoglutarate and ,B-hydroxybutyrate all compete (Table 5) . Oxoglutarate has most effect on the first addition, as if it displaces only part of the succinate. van has also reported competitions from fi-hydroxybutyrate and glutamate.
Oxoglutarate accumulation. The accumulationconcentration relation for oxoglutarate is shown as a double-reciprocal plot in Fig. 9 . The extrapolated maximum uptake is 36,umoles/g., which is nearly equivalent to the K+ content of 75 ,moles/g. Induction of K+ uptake to a total of 180,umoles/g. with valinomycin increases the maximum capacity to 90,umoles/g., so evidently oxoglutarate can be the sole anion satisfying the capacity provided by K+.
The anions malate, malonate, pyruvate and citrate all compete (Table 6 ). The effect of citrate is not regular, because the first addition expels relatively more oxoglutarate than do the subsequent additions (Fig. 8a) . A parallel experiment made with additions of oxoglutarate to a suspension containing labelled citrate showed that the citrate content increased on the first addition of oxoglutarate (Fig. 8b) . Hence oxoglutarate shares with other dicarboxylic acids the ability to increase citrate uptake (Harris, 1968a) .
The competition by pyruvate can be related to its effect in decreasing the metabolism of oxoglutarate described by Haslam (1966) (see the Discussion section).
Glutamate accumulation. The accuimulationconcentration relation for glutamate at pH7-4 is shown on the double-reciprocal plot in Fig. 10 (curve A). The extrapolated maximum uptake of glutamate, 33,umoles/g., is less than the equivalent to the K+ uptake, even taking the acid as dibasic. The maximum content does, however, respond to changes in K+ content, as shown by the increased (Qmoles/g. Pyruvate accumulation. In the cell's metabolism pyruvate is produced glycolytically and therefore is an important primary fuel for oxidation in the mitochondria. The accumulation-concentration relation is shown in Fig. 11 (curve A) . In each case the extrapolated maximum quantity of pyruvate is less than equivalent to the K+ content, but it is possible that arsenite (present at 0-5mM) was also taken up. was the same as that described in Fig  Qmax. with K+ content in the presence c shown.
Qmax.
(umoles/g. (,umo In view of the use of pyruvate/lac2 tion ratios to determine NAD+/NA: tion ratios (Krebs, 1967) Krebs, 1967) to suggest or assume t. butyrate is confined to a special coml dissociation of fi-hydroxybutyrate cc movement gives a reason for th( insensitivity of its oxidation to the d by nigericin; an observation that had led Graven et al. (1967) to the idea of compartmentation. To some extent succinate shares the properties just detailed. Its metabolism is relatively insensitive to the ions in the medium (Table 1) and to K+ discharge (Graven et al. 1967 8-2mM and that for oxoglutarate with pyruvate accumulation is 2-1 mm. From these values the accumulation from 10mM concentrations singly can be calculated and also the smaller accumulations from equimolar ig competition to 10mM concentrations. There is a decrease of Df P-hydroxy-oxoglutarate accumulation by 26% in the simul3tinct from the taneous presence of pyruvate; Haslam (1966) found cylic acid-cycle 27% inhibition of 14CO2 production from oxofirmed by the glutarate (10mM) by pyruvate (10mM). The along with K+ calculated decrease by oxoglutarate of pyruvate in. Lehninger, accumulation is 47%; Haslam found the 14CO2 Lat ,B-hydroxy-formed by pyruvate (10mM) was decreased by 52% ly membrane-in the presence of oxoglutarate (10mM). Hence it Greville, 1966 ; seems likely that most of the observed mutual hat ,B-hydroxy-inhibition of metabolism between oxoglutarate and partment. The pyruvate can be ascribed solely to competition for )ntent from K+ accumulation and that it is the internal concentrae comparative tions that determine the respective rates of lischarge of K+ utilization. Competition by citrate for accumulation has the effect of displacing malate (Kj I-OmM), succinate (Ki 1-5mM) and glutamate. The inhibitory effect of citrate on succinate oxidation has been described by Quagliariello & Palmieri (1968) . Under our conditions the Ki for citrate acting as inhibitor of oxidation of succinate is 0 6mM. The effect of citrate on malate utilization has not been demonstrated because there is no unambiguous parameter to measure. However, citrate addition slows down oxidation in the presence of malate, so it seems safe to infer that citrate generally tends to oust other substrates and so favour its own consumption.
A notable difference between ,B-hydroxybutyrate and other substrates lies in its ineffectiveness in causing phosphorylation of the endogenous adenine nucleotides (Table 7) . If, in fact, it is correct that this substrate is oxidized in an outer compartment, it is reasonable to expect that the reduction of NAD+ is confined to the membrane-bound fraction. Oxidation of membrane-bound NADH will not readily provide energy to phosphorylate internal adenine nucleotide, but the energy will more easily reach the membrane-associated adenine nucleotide, i.e. with the complex formed between adenine nucleotide and its carrier. This view has the merit of explaining at once the observation (Moret, Lorri, Fotia & Siliprandi, 1967 ) that atractylate blocks endogenous nucleotide phosphorylation by /Bhydroxybutyrate because the adenine nucleotideexchange carrier is blocked by the inhibitor.
From the values obtained from Km and Ki in relation to the charge on the anion it appears that usually an increased charge makes the anion more readily accumulated and a better competitor against other substrates. This could come about by virtue of electrostatic forces between the anion and the positively charged groups that associate with it for transfer across the membrane to occur. The curious requirement for a dicarboxylic acid to permit tricarboxylic acid transfer (Chappell, 1964) may be no more than a statistical favouring of the assembly of pairs of positive charges in small volumes of membrane material. This would provide a higher probability of finding three positive charges close together to associate with the tricarboxylic acid than if no previous assembling of pairs had occurred.
